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There is growing evidence that the superconducting semimetal FeSe (Tc ∼ 8 K) is in the crossover
regime between weak-coupling Bardeen-Cooper-Schrieffer (BCS) and strong-coupling Bose-Einstein-
condensate (BEC) limits. We report on longitudinal and transverse thermal conductivities, κxx and
κxy, respectively, in magnetic fields up to 20 T. The field dependences of κxx and κxy imply that a
highly anisotropic small superconducting gap forms at the electron Fermi-surface pocket whereas a
more isotropic and larger gap forms at the hole pocket. Below ∼ 1.0 K, both κxx and κxy exhibit
distinct anomalies (kinks) at the upper critical field Hc2 and at a field H
∗ slightly below Hc2. The
analysis of the thermal Hall angle (κxy/κxx) indicates a change of the quasiparticle scattering rate
at H∗. These results provide strong support to the previous suggestion that above H∗ a distinct
field-induced superconducting phase emerges with an unprecedented large spin imbalance.
I. INTRODUCTION
The physics of the crossover between the weak-
coupling Bardeen-Cooper-Schrieffer (BCS) and strong-
coupling Bose-Einstein-condensate (BEC) limits gives a
unified framework of quantum bound (superfluid) states
of interacting fermions [1, 2]. In the region of this
crossover, the size of the interacting pairs, which is rep-
resented by the coherence length ξ, becomes comparable
to the average distance between particles, which is close
to the inverse Fermi momentum 1/kF , i. e., kF ξ ∼ 1 [3–
6]. The BCS-BEC crossover has hitherto been realized
experimentally in ultracold atomic gases. On the other
hand, in solids, almost all superconductors are in the
BCS regime, where the superconducting gap energy ∆
is usually several orders of magnitude smaller than the
Fermi energy εF , ∆/εF ∼ 1/kF ξ  1, and it has thus
been extremely difficult to access the crossover regime.
The iron-chalcogenide compound FeSe, comprised of
two-dimensional Fe-Se layers [7], has recently stirred
great interest because it exhibits several unique proper-
ties. At ambient pressure, the structural transition from
tetragonal to orthorhombic crystal symmetry (nematic
transition) occurs at Ts ≈ 90 K, but, unlike other iron-
based superconductors, no magnetic order occurs down
to T = 0, displaying peculiar electronic properties asso-
ciated with the nematicity [8–16]. Significant enhance-
ment of Tc has been reported under hydrostatic pres-
sure [17, 18], and more recently in the form of one-unit-
cell-thick films on SrTiO3 [19, 20]. One of the most re-
markable features of FeSe is its extremely small Fermi
surface, which strongly deviates from predictions of first-
∗These authors contributed equally to this work.
principles calculations [21, 22]. The low-temperature
Fermi surface of FeSe consists of a small hole pocket cen-
tered at the Γ point and one or two small electron pockets
at the M point [21–27]. Strikingly, all these pockets are
very shallow and the Fermi energies of the hole and elec-
tron pockets are extraordinarily small, with εhF ≈ 15 meV
and εeF ≈ 10 meV. It has been shown that FeSe is a multi-
gap superconductor with two distinct superconducting
gaps of ∆ ∼ 2.5 and 3.5 meV [28]. The comparable en-
ergy scale of εF and ∆ indicates that superconductivity
in FeSe is deep in the BCS-BEC crossover regime [28, 29].
Recent observation of giant superconducting fluctuations
by far exceeding the standard Gaussian theory and a
possible pseudogap formation well above Tc have been
attributed to distinct signatures of the crossover [30].
Furthermore, FeSe has two unique features which may
provide new insights into fundamental aspects of the
physics of BCS-BEC crossover. The first feature is the
electronic structure: FeSe is a compensated semimetal
with equal numbers of electron and hole carriers, and
hence it is essentially a multiband superconductor. In
fact, as discussed in Ref. [31], this renders the crossover
physics in FeSe distinguished from that in ultracold
atomic gases. However, although the superconducting
gap structure has been reported to be very anisotropic,
the detailed gap structure in each band is still unclear.
The second feature concerns the fate of the superfluid
when the spin populations are strongly imbalanced. Al-
though highly spin-imbalanced Fermi systems have been
realized in ultracold atomic gases, the nature of the spin-
imbalanced superfluid is still largely unexplored experi-
mentally due to the difficulty in cooling the systems to
sufficiently low temperature [32–35]. In superconductors,
the spin imbalance is introduced through Zeeman split-
ting in an applied magnetic field. The magnitude of the
spin imbalance P = (N↑−N↓)/(N↑+N↓), where N↑ and
N↓ are the numbers of up and down spins, respectively,
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2is roughly estimated as P ≈ µBH/εF . In almost all su-
perconductors, P is very small, P ∼ 10−3-10−2 even near
the upper critical field Hc2. On the other hand, in FeSe
in the crossover regime, the Zeeman effect is particularly
effective in shrinking the Fermi volume associated with
the spin minority, giving rise to a highly spin-imbalanced
phase where εF ∼ ∆ ∼ µBH. Recent experiments of
FeSe report a possible field-induced phase (dubbed B-
phase) in the low-temperature and high-field region in
the H-T phase diagram [28], but very little is known
about its nature.
To shed light on the above issues, the detailed knowl-
edge of the quasiparticle excitations in the supercon-
ducting state is crucial. Here we measured the ther-
mal conductivity κxx and the thermal Hall conductiv-
ity κxy up to µ0H = 20 T. Both quantities are sensi-
tive probes of the delocalized low-energy quasiparticle
excitations [36, 37]. Our results reveal that a highly
anisotropic small superconducting gap opens in the elec-
tron Fermi-surface pocket whereas a more isotropic and
larger gap forms in the hole pocket. We also find that
the quasiparticle scattering rate is strongly modified on
entering the B-phase. We discuss that this field-induced
phase is likely to present a highly anomalous inhomoge-
neous superconducting state that has not been addressed
before, rather than a conventional Fulde-Ferrel-Larkin-
Ovchinnikov (FFLO) state [38, 39].
II. EXPERIMENTS
High-quality single crystals of FeSe were grown by the
chemical vapor transport method [40]. Both κxx and κxy
were measured on the same crystal by the steady-state
method, applying the thermal current q˙ in the ab plane
with q˙ ‖ x for H ‖ c. The thermal gradients −∇xT ‖ x
and −∇yT ‖ y were detected by RuO2 thermometers,
and κxx = wxx/(w
2
xx +w
2
xy) and κxy = wxy/(w
2
xx +w
2
xy)
were obtained from the thermal resistivity wxx = ∇xT/q
and thermal Hall resistivity wxy = ∇yT/q. The effect
of misalignment of the Hall contacts was eliminated by
reversing the magnetic field at each temperature. We
additionally determined electrical longitudinal and Hall
resistivities, ρxx and ρxy, respectively, in the same setup.
The experimental setup is schematically presented in the
inset of Fig. 1(b).
III. RESULTS
A. Superconducting Gap Structure
Figure 1(a) and its inset show the T and H depen-
dences of the in-plane resistivity ρxx, respectively. The
temperature at which ρxx goes to zero is ≈ 8.0 K in
the present sample. The resistivity at the supercon-
ducting onset ρxx(T
+
c ) ≈ 24µΩcm is roughly two times
larger than that reported in Ref. [28], and the magnitude
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FIG. 1: (Color online) (a) Temperature dependence of the in-
plane resistivity ρxx(T ) in zero field. The inset shows the field
dependence of ρxx(H) for H ‖ c. From bottom to top, T =
0.31, 0.61, 1.0, 1.4, 2.1, 2.6, 4.7, 6.6, 9.1, and 12 K. (b) Field
dependence of κxx/T (red squares, left axis) and κxy/B (blue
triangles, right axis) at 0.59 K. The inset shows a schematic of
the measurement setup for the thermal-conductivity tensor.
of the magnetoresistance ∆ρxx(H)/ρxx(0) is roughly
halved. Figure 1(b) depicts the H dependence of κxx/T
and κxy/B (with B = µ0H) at T = 0.59 K. Usually,
κxy, which is the nondiagonal element of the thermal-
conductivity tensor in a perpendicular field, is purely
electronic. The ratio of κxy/T and electrical Hall conduc-
tivity, σxy = ρxy/(ρ
2
xx+ρ
2
xy), is (κxy/T )/σxy = 1.05L0 at
µ0H = 20 T, where L0 =
pi2
3
(
kB
e
)
is the Lorenz number,
indicating that the Wiedemann-Franz law holds within
experimental error. At low fields, κxx/T increases with
convex curvature, compatible with the
√
H dependence
expected for a nodal gap (see below), and becomes nearly
independent of H between ∼ 4 and 10 T. Above 2 T,
κxy/B decreases in magnitude and then changes sign
from negative to positive around µ0Hs ≈ 12 T. Above
Hs, both κxx/T and κxy/B increase steeply and decrease
after exhibiting a narrow plateau-like ridge at around
15 T.
The initial increase of κxx/T with a convex curvature
at low fields is a signature of superconductivity with line
nodes, where the Doppler shift of the quasiparticle spec-
trum in the presence of supercurrents around vortices
gives rise to a
√
H increase in the population of delocal-
ized quasiparticles [37]. The superconducting gap struc-
ture of FeSe is subject of extense discussion. A clear sig-
nature of the line nodes in the superconducting gap has
been reported for very clean single crystals [28] or thin
films [41] probed by scanning tunneling spectroscopy,
thermal conductivity and magnetic penetration depth.
In less clean crystals, however, a superconducting state
with finite energy gap has been reported [42]. Moreover,
even in very clean crystals, the nodes have been reported
to disappear near the twin boundaries [43]. These re-
3sults indicate that the line nodes are not symmetry pro-
tected and can be easily lifted by impurity and boundary
scattering. The observed low-field convex curvature of
κxx/T in Fig. 1(b) indicates the presence of line nodes or
large superconducting gap anisotropy. Similar field de-
pendence has been reported in FeSe with similar residual
resistivity and magnetoresistance [44]. We note that this
low-field behavior of κxx/T differs from that reported
in FeSe with much smaller residual resistivity, in which
κxx/T decreases rapidly with magnetic field [28], possibly
be because in very clean FeSe, the extremely long quasi-
particle mean free path is reduced by vortex scattering
at low fields [45].
The nearly step-like behavior in the field dependence of
κxx/T upon approaching 15 T is attributed to the multi-
band nature of superconductivity in FeSe [46–48]. A sub-
stantial portion of quasiparticles, which can be easily ex-
cited over the smaller gap, is already present at fields
well below Hs, and therefore, κxx/T at high fields above
∼ 4 T is governed by the larger gap. Note that a nearly
H-independent behavior at low fields and a subsequent
steep increase of κxx/T with a concave curvature is ob-
served in fully gapped superconductors, where quasipar-
ticles are localized in the vortex core and thus are un-
able to transport heat until these vortices overlap each
other [37].
B. Field-induced Superconducting Phase
Figures 2(a), (b), and (c) depict H dependences of
κxx/T , κxy/B, and of the quasiparticle thermal Hall an-
gle divided by B, tan ΘH/B ≡ κxy/(κqpxxB), respectively,
at T = 0.59 K, while Figs. 2(d), (e), and (f) show the re-
sults at T = 0.95 K. Two distinct anomalies (kinks) can
be identified in both κxx/T and κxy/B. We first point
out that the field marked by the dashed black line cor-
responds to Hc2 because of the following reasons. First,
above this field, κxx/T decreases rapidly with H, which
is consistent with the large positive magnetoresistance
in the normal state [49] [inset of Fig. 1(a)]. In addition,
the fact that κxx/T is nearly independent of H below
this field definitely indicates that the system at lower
fields is not in the normal state. Second, the thermal
conductivity has no fluctuation correction, in contrast to
the resistivity, magnetic susceptibility, and specific heat,
which all are subject to fluctuations, and, hence, often
exhibits a kink anomaly at the mean-field upper critical
field [50, 51]. Third, as will be shown later, this field
is close to the superconducting onset temperature deter-
mined by the use of resistivity data. The fact that the
admittedly weak kinks at H∗ and Hc2 occur at similar
fields for the different measurements at temperatures 0.59
and 0.95 K lends strong confidence to the identification
of H∗ and Hc2.
Figures 2(g), (h), and (i) show the H dependence of
κxy/B at higher temperatures. At T = 1.2 K, no clear
kink anomalies can be resolved, but κxy/B deviates from
the linear lines extrapolated from the lower and higher
field regimes, as shown in Fig. 2(g). At T = 1.9 and 2.3 K,
only one kink anomaly is observed, which is attributed
to Hc2 because, as will be shown later, these fields are
close to the onset of superconductivity.
Figure 3 displays the H-T phase diagram. The magni-
tudes of H∗ and Hc2 in the present crystal are slightly
larger than those reported in Ref. [28]. We note that
the superconducting onset temperature (black open cir-
cles) is close to Hc2 determined by the thermal trans-
port coefficients, (black closed circles) supporting that
the higher-field anomaly shown by the dashed black line
in Figs. 2(a)-(i) is indeed due to Hc2. In contrast to Hc2,
H∗ is nearly temperature independent and disappears
when it meets the Hc2 line. We stress that this fact
is an important additional feature establishing the H-
T phase diagram, which was not seen in our previous
work [28]. We further note that the B-phase above H∗ is
not related to magnetic ordering, because of the following
reasons. First, magnetic-torque measurements show no
anomaly at H∗ [28]. Second, the size of the hole pocket
determined by magnetic quantum oscillations above 20 T
coincides with that determined from angle-resolved pho-
toemission in zero field, suggesting the absence of band
folding [52]. Third, the H∗ line is observable only in the
superconducting regime.
It has been reported that ρxy is positive and increases
linearly with H and that the magnetoresistance increases
with H as ∆ρxx(H)/ρxx(0) ∝ H2 at µ0H & 18 T [22].
Since FeSe is a compensated metal, with the same num-
ber of hole and electron charge carriers and only a single
hole pocket, these H dependences indicate that the trans-
port properties in the high-field region are governed by
that hole band [49, 53]. In this situation, the scatter-
ing time τqp of the quasiparticles is proportional to the
thermal Hall angle, tan ΘH/B ∝ τqp. The clear kink at
H∗ in tan ΘH/B [Figs. 2(c) and (f)] indicates that the
quasiparticle scattering mechanism changes when cross-
ing the H∗ line, suggesting a modification of the super-
conducting gap structure. At Hc2, tan ΘH/B shows no
discernible anomaly, while κxx/T shows a clear kink as
shown in Figs. 2(a) and (d). Since κxx is proportional
to the product of τqp and the quasiparticle density nqp,
κxx ∝ nqpτqp, these results show that τqp barely changes
while nqp is reduced below Hc2. Thus, the observed
anomalies in the thermal transport coefficients strongly
suggest the emergence of a new high-field superconduct-
ing phase (B-phase) which is distinctly different from the
A-phase at lower fields.
IV. DISCUSSION
Although multigap superconductivity and a very
anisotropic or nodal gap structure in FeSe have been sug-
gested by several experiments, the detailed gap structure
of electron and hole pocket has remained unclear. The
combined results of the field dependence of κxx and the
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FIG. 2: (Color online) Field dependences of (a) κxx(H)/T , (b) κxy/B, and (c) tan ΘH/B ≡ κxy/(κqpxxB) at T = 0.59 K.
(d), (e) and (f) are the results at T = 0.95 K. (g), (h) and (i) show κxy/B at T = 1.2, 1.9, and 2.3 K, respectively. κ
qp
xx
is obtained by subtracting κphxx from κxx, where κ
ph
xx is estimated by using the Wiedemann-Franz law in the normal state at
20 T, κphxx/T = κxx(20 T)/T − L0σxx(20 T), and is assumed to be field independent. The dashed red and black lines represent
magnetic fields, which correspond to H∗ and Hc2, respectively. The dashed lines in (g) represent the linear extrapolations
below H∗ and above Hc2. Our detailed measurements of the thermal transport coefficients, κxx and κxy, with small steps in
the field scans allow us to observe two distinct anomalies at H∗ and Hc2, which have been missed in a previous study [44]. In
tan ΘH/B, no discernible anomaly is observed at Hc2. The observed kink in κxx(H)/T at H
∗ is distinct from the previously
reported observations in very clean FeSe [28], where κxx/T exhibits a tiny peak at H
∗. This may be caused by the very large
magnetoresistance in the cleaner sample, which leads to the rapid decrease of κxx/T at low H and above Hc2, smearing out
the rapid increase just below H∗ and features at Hc2.
sign of κxy provide important information on this issue.
The sign change of κxy at Hs evidences that the quasipar-
ticles responsible for the thermal conduction are electron-
like at low fields and hole-like at high fields. Therefore,
the large gap anisotropy found at low fields should cor-
respond to the electron pocket, whereas the concave in-
crease above Hs and saturation of κxx/T below Hs indi-
cate that the superconducting gap of the hole pocket is
more isotropic and that its amplitude is larger than that
of the electron pocket.
Next we discuss the field-induced superconducting B-
phase. We stress that this phase represents a highly un-
usual superconducting state because both electron and
hole pockets are largely spin imbalanced with P ≈
µBH
∗/εF ≈ 0.1, as illustrated in the inset of Fig. 3. The
nearly temperature-independent behavior of H∗ suggests
that this anomaly is not an artifact of a single broad peak
of the Hc2 anomaly, because in that case the two anoma-
lies at H∗ and Hc2 should follow parallel lines. One of the
candidates of the B-phase may be a Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) phase [38, 39], where the Cooper-
pair formation occurs between Zeeman-split parts of the
Fermi surface and a new pairing state (k ↑,−k+q ↓) with
finite q is realized. The FFLO state has been reported in
layered heavy-fermion and organic superconductors for
magnetic fields parallel to the 2D plane [54, 55]. How-
ever, we want to point out that the B-phase is unlikely
to be a conventional FFLO phase. In fact, the B-phase
coexists with the vortex-liquid state where the resistivity
is finite. This is different from heavy-fermion and organic
systems, where possible FFLO phases occur within the
vortex-lattice state. Moreover, the FFLO state is stabi-
lized when a large part of the spin-up Fermi surface is
connected to the spin-down surface by a single q vector.
For the lowest Landau-level solution, the superconduct-
ing order parameter changes spatially as ∆(r) ∝ cos(q·r)
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FIG. 3: (Color online) Field-temperature (H-T ) phase di-
agram of FeSe in perpendicular field determined by the
thermal-transport measurements. Black filled circles repre-
sent the upper critical field Hc2 and filled red squares repre-
sent H∗ that separates A- and B-phases. The black open cir-
cles represent superconducting onset temperatures at which
the resistivity becomes 90% of the value extrapolated from
the normal-state value under magnetic field, and the green
open triangles represent the irreversibility fields determined
by zero resistivity [inset of Fig. 1(a)]. The inset illustrates
the electronic structure of hole and electron pockets at fields
around H∗. Both Fermi surfaces are highly spin imbalanced.
where q ‖H. However, since the Fermi surface of layered
FeSe is cylindrical, the spin-up Fermi surface cannot be
connected to a large part of the spin-down Fermi surface
by a single q for H ‖ c. This analysis leads us to consider
that theB-phase may be an FFLO phase involving higher
Landau levels, where q lies in the two-dimensional plane.
Moreover, what makes FeSe distinctly different from ul-
tracold atomic gases is that FeSe is a multiband sys-
tem where the interplay between the formation of bound
pairs and superconductivity may lead to rich physics
[31]. Thus, the field-induced B-phase appears to be a
previously unidentified kind of inhomogeneous supercon-
ducting state with an unprecedented large spin imbal-
ance, which apparently is associated with the BCS-BEC
crossover in a multiband system.
V. SUMMARY
In summary, we measured thermal longitudinal and
thermal Hall conductivities in FeSe in the BCS-BEC
crossover regime. The field dependences of thermal trans-
port coefficients imply that the quasiparticle structure is
strongly band-dependent; a highly anisotropic small su-
perconducting gap forms at the electron Fermi-surface
pocket whereas a more isotropic and larger gap forms
at the hole pocket. The analysis of the thermal Hall
angle provides evidence for the emergence of a highly
anomalous inhomogeneous superconducting state, which
is likely to be caused by the extremely high spin po-
larization. The strongly band-dependent quasiparticle
structure and the emergent highly spin polarized phase
may be important and unique features of the BCS-BEC
crossover in the multiband superconducting system.
Acknowledgements
We thank Y. Yanase, R. Ikeda, S. Fujomoto for dis-
cussions. This work was supported by Grants-in-Aid
for Scientific Research (KAKENHI) (No. 25220710, No.
15H02106, No. 15H03688), Grants-in-Aid for Scientific
Research on Innovative Areas “Topological Materials Sci-
ence” (No. 15H05852) from Japan Society for the Pro-
motion of Science (JSPS), and HLD at HZDR, a member
of the European Magnetic Field Laboratory (EMFL).
[1] P. Nozie´res, and S. Schmitt-Rink, J. Low. Temp. Phys.
59, 195-211 (1985).
[2] A. J. Leggett, ed. A. Pekalski, and R. Przystawa,
(Springer-Verlag, Berlin, 1980).
[3] C. A. R. Sa´ de Melo, Phys. Today 61, 10, 45-51 (2008).
[4] Q. Chen, J. Stajic, S. Tan, and K. Levin, Phys. Rep. 412,
1-88 (2005).
[5] S. Giorgini, L. P. Pitaevskii, and S. Stringari, Rev. Mod.
Phys. 80 1215 (2008).
[6] M. Randeria, and E. Taylor, Annu. Rev. Condens. Mat-
ter. Phys. 5, 209-232 (2014).
[7] F. -C. Hsu, J. -Y. Luo, K. -W. Yeh, T. -K. Chen, T. -W.
Huang, P. M. Wu, Y. -C. Lee, Y. -L. Huang, Y.-Y. Chu,
D.-C. Yan, and M.-K. Wu, Proc. Natl. Acad. Sci. USA
105, 14262-14264 (2008).
[8] T. M. McQueen, A. J. Williams, P. W. Stephens, J. Tao,
Y. Zhu, V. Ksenofontov, F. Casper, C. Felser, and R. J.
Cava, Phys. Rev. Lett. 103, 057002 (2009).
[9] T. Imai, K. Ahilan, F. L. Ning, T. M. McQueen, and R. J.
Cava, Phys. Rev. Lett. 102, 177005 (2009).
[10] S.-H. Baek, D. V. Efremov, J. M. Ok, J. S. Kim, Jeroen
van den Brink, and B. Bu¨chner, Nat. Mater. 14, 210-214
(2015).
[11] A. E. Bo¨hmer T. Arai, F. Hardy, T. Hattori, T. Iye, T.
Wolf, H. v. Lo¨hneysen, K. Ishida, and C. Meingast, Phys.
Rev. Lett. 114, 027001 (2015).
[12] M. D. Watson, T. K. Kim, A. A. Haghighirad, N. R.
Davies, A. McCollam, A. Narayanan, S. F. Blake, Y. L.
6Chen, S. Ghannadzadeh, A. J. Schofield, M. Hoesch, C.
Meingast, T. Wolf, and A. I. Coldea, Phys. Rev. B 91,
155106 (2015).
[13] Q. Wang, Y. Shen, B. Pan, Y. Hao, M. Ma, F. Zhou, P.
Steffens, K. Schmalzl, T. R. Forrest, M. Abdel-Hafiez, X.
Chen, D. A. Chareev, A. N. Vasiliev, P. Bourges, Y. Sidis,
H. Cao, and J. Zhao, Nat. Mater. 15, 159-163 (2016).
[14] Q. Wang, Y. Shen, B. Pan, X. Zhang, K. Ikeuchi, K.
Iida, A. D. Christianson, H. C. Walker, D. T. Adroja, M.
Abdel-Hafiez, X. Chen, D. A. Chareev, A. N. Vasiliev,
and J. Zhao, Nat. Commun. 7, 12182 (2016).
[15] S. Hosoi, K. Matsuura, K. Ishida, H. Wang, Y.
Mizukami, T. Watashige, S. Kasahara, Y. Matsuda, and
T. Shibauchi, Proc. Natl. Acad. Sci. USA 113, 8139-8143
(2016).
[16] P. Massat, D. Farina, I. Paul, S. Karlsson, P. Strobel, P.
Toulemonde, M.-A. Measson, M. Cazayous, A. Sacuto,
S. Kasahara, T. Shibauchi, Y. Matsuda, and Y. Gallais,
Proc. Natl. Acad. Sci. USA 111, 9177-9181 (2014).
[17] S. Medvedev, T. M. McQueen, I.A˙. Troyan, T. Palasyuk,
M. I. Eremets, R. J. Cava, S. Naghavi, F. Casper, V.
Ksenofontov, G. Wortmann, and C. Felser, Nat. Mater.
8, 630-633 (2009).
[18] J. P. Sun, K. Matsuura, G. Z. Ye, Y. Mizukami, M. Shi-
mozawa, K. Matsubayashi, M. Yamashita, T. Watashige,
S. Kasahara, Y. Matsuda, J.-Q. Yan, B. C. Sales, Y. Uwa-
toko, J.-G. Cheng, and T. Shibauchi, Nat. Commun. 7,
12146 (2016).
[19] Q.-Y. Wang, Z. Li, W.-H. Zhang, Z.-C. Zhang, J.-S.
Zhang, W. Li, H. Ding, Y.-B. Ou, P. Deng, K. Chang,
J. Wen, C.-L. Song, K. He, J.-F. Jia, S.-H. Ji, Y. Wang,
L. Wang, X. Chen, X. Ma, and Q.-K. Xue, Chin. Phys.
Lett. 29, 037402 (2012).
[20] S. He, J. He, W. Zhang, L. Zhao, D. Liu, X. Liu, D. Mou,
Y.-B. Ou, Q.-Y. Wang, Z. Li, L. Wang, Y. Peng, Y. Liu,
C. Chen, L. Yu, G. Liu, X. Dong, J. Zhang, C. Chen,
Z. Xu, X. Chen, X. Ma, Q. Xue and X. J. Zhou, Nat.
Mater. 12, 605-610 (2013).
[21] T. Terashima, N. Kikugawa, A. Kiswandhi, E. -S. Choi,
J. S. Brooks, S. Kasahara, T. Watashige, H. Ikeda, T.
Shibauchi, Y. Matsuda, T. Wolf, A. E.Bo¨hmer, F. Hardy,
C. Meingast, H. v. Lo¨hneysen, M. Suzuki, R. Arita, and
S. Uji, Phys. Rev. B 90, 144517 (2014).
[22] M. D. Watson, T. Yamashita, S. Kasahara, W. Knafo,
M. Nardone, J. Be´ard, F. Hardy, A. McCollam, A.
Narayanan, S. F. Blake, T. Wolf, A. A. Haghighirad, C.
Meingast, A. J. Schofield, H. v. Lo¨hneysen, Y. Matsuda,
A. I. Coldea, and T. Shibauchi, Phys. Rev. Lett. 115,
027006 (2015).
[23] J. Maletz, V. B. Zabolotnyy, D. V. Evtushinsky, S. Thiru-
pathaiah, A. U. B. Wolter, L. Harnagea, A. N. Yaresko,
A. N. Vasiliev, D. A. Chareev, A. E. Bo¨hmer, F. Hardy,
T. Wolf, C. Meingast, E. D. L. Rienks, B. Bu¨chner, and
S. V. Borisenko, Phys. Rev. B 89, 220506(R) (2014).
[24] K. Nakayama, Y. Miyata, G. N. Phan, T. Sato, Y. Tan-
abe, T. Urata, K. Tanigaki, and T. Takahashi, Phys. Rev.
Lett. 113, 237001 (2014).
[25] Y. Suzuki T. Shimojima, T. Sonobe, A. Nakamura, M.
Sakano, H. Tsuji, J. Omachi, K. Yoshioka, M. Kuwata-
Gonokami, T. Watashige, R. Kobayashi, S. Kasahara, T.
Shibauchi, Y. Matsuda, Y. Yamakawa, H. Kontani, and
K. Ishizaka, Phys. Rev. B 92, 205117 (2015).
[26] Y. Zhang, M. Yi, Z.-K. Liu, W. Li, J. J. Lee, R. G.
Moore, M. Hashimoto, N. Masamichi, H. Eisaki, S.-K.
Mo, Z. Hussain, T. P. Devereaux, Z.-X. Shen, and D. H.
Lu, arXiv:1503.01556 (unpublished).
[27] S. Y. Tan, Y. Fang, D. H. Xie, W. Feng, C. H. P. Wen,
Q. Song, Q. Y. Chen, W. Zhang, Y. Zhang, L. Z. Luo,
B. P. Xie, X. C. Lai, and D. L. Feng, Phys. Rev. B 93,
104513 (2016).
[28] S. Kasahara, T. Watashige, T. Hanaguri, Y. Kohsaka, T.
Yamashita, Y. Shimoyama, Y. Mizukami, R. Endo, H.
Ikeda, K. Aoyama, T. Terashima, S. Uji, T. Wolf, H. v.
Lo¨hneysen, T. Shibauchi, and Y. Matsuda, Proc. Nat.
Acad. Sci. USA 111, 16309-16313 (2014).
[29] Y. Lubashevsky, E. Lahoud, K. Chashka, D. Podolsky,
and A. Kanigel, Nat. Phys. 8, 309-312 (2012).
[30] S. Kasahara, T. Yamashita, A. Shi, R. Kobayashi, Y.
Shimoyama, T. Watashige, K. Ishida, T. Terashima,
T. Wolf, F. Hardy, C. Meingast, H. v. Lohneysen, A.
Levchenko, T. Shibauchi, and Y. Matsuda, Nat. Com-
mun. 7, 12843 (2016).
[31] A. V. Chubukov, I. Eremin, and D. V. Efremov, Phys.
Rev. B 93, 174516 (2016).
[32] F. Chevy and C. Mora, Rep. Prog. Phys. 73, 112401
(2010).
[33] Yean-an Liao, A. Sophie C. Rittner, T. Paprotta, W.
Li, G. B. Partridge, R. G. Hulet, S. K. Baur, and E. J.
Mueller, Nature 467, 567-569 (2010).
[34] K. B. Gubbels and H. T. C. Stoof, Phys. Rep. 525, 255-
313 (2012).
[35] N. Yoshida and S.-K. Yip, Phys. Rev. A 75, 063601
(2007).
[36] K. Izawa, H. Yamaguchi, Yuji Matsuda, H. Shishido, R.
Settai, and Y. Onuki, Phys. Rev. Lett. 87, 057002 (2001).
[37] Y. Matsuda, K. Izawa, and I. Vekhter, J. Phys.: Condens.
Matter 18, R705-R752 (2006).
[38] P. Fulde and R. A. Ferrell, Superconductivity in a strong
spin-exchange field. Phys. Rev. 135, A550 (1964).
[39] A. I. Larkin and Y. N. Ovchinnikov, Sov. Phys. JETP 20,
762 (1965).
[40] A. E. Bo¨hmer, F. Hardy, F. Eilers, D. Ernst, P. Adel-
mann, P. Schweiss, T. Wolf, and C. Meingast, Phys. Rev.
B 87, 180505(R) (2013).
[41] C.-L. Song, Y.-L. Wang, P. Cheng, Y.-P. Jiang, W. Li,
T. Zhang, Z. Li, K. He, L. Wang, J.-F. Jia, H.-H. Hung,
C. Wu, X. Ma, X. Chen, and Q.-K. Xue, Science 332,
1410-1413 (2011).
[42] J. K. Dong, T. Y. Guan, S. Y. Zhou, X. Qiu, L. Ding, C.
Zhang, U. Patel, Z. L. Xiao, and S. Y. Li, Phys. Rev. B
80, 024518 (2009).
[43] T. Watashige, Y. Tsutsumi, T. Hanaguri, Y. Kohsaka, S.
Kasahara, A. Furusaki, M. Sigrist, C. Meingast, T. Wolf,
H. v. Lo¨hneysen, T. Shibauchi, and Y. Matsuda, Phys.
Rev. X 5, 031022 (2015).
[44] P. Bourgeois-Hope, S. Chi, D. A. Bonn, R. Liang, W. N.
Hardy, T. Wolf, C. Meingast, N. Doiron-Leyraud, and L.
Taillefer, Phys. Rev. Lett. 117, 097003 (2016).
[45] Y. Kasahara, Y. Nakajima, K. Izawa, Y. Matsuda, K.
Behnia, H. Shishido, R. Settai, and Y. Onuki, Phys. Rev.
B 72, 214515 (2005).
[46] A. V. Sologubenko, J. Jun, S. M. Kazakov, J. Karpinski,
and H. R. Ott, Phys. Rev. B 66, 014504 (2002).
[47] E. Boaknin, M. A. Tanatar, J. Paglione, D. Hawthorn,
F. Ronning, R. W. Hill, M. Sutherland, L. Taillefer, J.
Sonier, S. M. Hayden, and J. W. Brill, Phys. Rev. Lett.
90, 117003 (2003).
7[48] M. Yamashita, N. Nakata, Y. Senshu, S. Tonegawa, K.
Ikada, K. Hashimoto, H. Sugawara, T. Shibauchi, and Y.
Matsuda, Phys. Rev. B 80, 220509(R) (2009).
[49] Y. Kasahara, T. Iwasawa, H. Shishido, T. Shibauchi, K.
Behnia, Y. Haga, T. D. Matsuda, Y. Onuki, M. Sigrist,
and Y. Matsuda, Phys. Rev. Lett. 99, 116402 (2007).
[50] S. Vishveshwara and M. P. A. Fisher, Phys. Rev. B 64,
134507 (2001).
[51] R. Okazaki, Y. Kasahara, H. Shishido, M. Konczykowski,
K. Behnia, Y. Haga, T. D. Matsuda, Y. Onuki, T.
Shibauchi, and Y. Matsuda, Phys. Rev. Lett. 100,
037004 (2008).
[52] M. D. Watson, T. K. Kim, A. A. Haghighirad, N. R.
Davies, A. McCollam, A. Narayanan, S. F. Blake, Y. L.
Chen, S. Ghannadzadeh, A. J. Schofield, M. Hoesch, C.
Meingast, T. Wolf, and A. I. Coldea, Phys. Rev. B 91,
155106 (2015).
[53] A. B. Pippard, Magnetoresistance in Metals (Cambridge
University Press, Cambridge U.K., 1989).
[54] Y. Matsuda and H. Shimahara, J. Phys. Soc. Jpn. 76,
051005 (2007).
[55] R. Lortz, Y. Wang, A. Demuer, P. H. M. Bo¨ttger, B.
Bergk, G. Zwicknagl, Y. Nakazawa, and J. Wosnitza,
Phys. Rev. Lett. 99, 187002 (2007).
